Bifidobacterium asteroides, originally isolated from honeybee intestine, was found to grow under 20 % O 2 conditions in liquid shaking culture using MRS broth. Catalase activity was detected only in cells that were exposed to O 2 and grown in medium containing a haem source, and these cells showed higher viability on exposure to H 2 O 2 . Passage through multiple column chromatography steps enabled purification of the active protein, which was identified as a homologue of haem catalase on the basis of its N-terminal sequence. The enzyme is a homodimer composed of a subunit with a molecular mass of 55 kDa, and the absorption spectrum shows the typical profile of bacterial haem catalase. A gene encoding haem catalase, which has an amino acid sequence coinciding with the N-terminal amino acid sequence of the purified protein, was found in the draft genome sequence data of B. asteroides. Expression of the katA gene was induced in response to O 2 exposure. The haem catalase from B. asteroides shows about 70-80 % identity with those from lactobacilli and other lactic acid bacteria, and no homologues were found in other bifidobacterial genomes.
INTRODUCTION
Bifidobacterium species are classified as Gram-positive anaerobes. Several species are used in commercial food products to provide probiotic effects for host animals; however, their growth is sensitive to O 2 , which can reduce their beneficial probiotic activity during transportation, during storage or in the intestinal tract. The mechanism of O 2 sensitivity is predicted to be the production of H 2 O 2 by the cells (de Vries & Stouthamer, 1969; Shimamura et al., 1992; Kawasaki et al., 2006; Mozzetti et al., 2010; Kawasaki, 2011) . de Vries & Stouthamer (1969) proposed that O 2 -sensitive species produce H 2 O 2 through NADH oxidase activity. Shimamura et al. (1990) reported the presence of O 2 uptake activity that was thought to be catalysed by NADH oxidase. An H 2 O 2 -forming NADH oxidase was purified from the O 2 -sensitive Bifidobacterium bifidum JCM 1255 T , and the purified protein was determined to be a b-type dihydroorotate dehydrogenase, an essential protein for catalysing the oxidation of dihydroorotate to orotate in pyrimidine biosynthesis (Kawasaki et al., 2009) .
Although most Bifidobacterium species show an O 2 -sensitive growth profile, several species have been reported to show high tolerance to O 2 . The highly O 2 -tolerant Bifidobacterium lactis UR1
T and Bifidobacterium psychraerophilum LMG 21775 T were isolated from a French yoghurt (Meile et al., 1997) and a porcine caecum (Simpson et al., 2004) , respectively. Simpson et al. (2005) investigated the intrinsic tolerance of Bifidobacterium species to O 2 and found that Bifidobacterium boum LMG 10736 T , Bifidobacterium minimum DSM 20102 T and B. pyschraerophilum LMG 21775 T were highly O 2 tolerant, exhibiting an aerobic growth rate that was .30 % that of anaerobic growth. B. boum JCM 1211 T and Bifidobacterium thermophilum JCM 1207 T were shown to be microaerophilic, and grew better in liquid shake cultures under a 20 % O 2 atmosphere than under 100 % N 2 conditions (Kawasaki et al., 2006) . All the O 2 -tolerant species listed above are reported to be catalase-negative. In this study, the growth of Bifidobacterium asteroides showed high tolerance to O 2 . B. asteroides was isolated from honeybee intestine (Scardovi & Trovatelli, 1969) and, interestingly, is reported to be catalase-positive, which is a rare characteristic among Bifidobacterium strains (Jones & Collins, 1986) . Our objectives in this study were to (1) determine the degree of O 2 tolerance of B. asteroides and (2) purify and characterize the O 2 -inducible haem catalase from B. asteroides. (Kawasaki et al., 2006 (Kawasaki et al., , 2007 . The culture conditions under several O 2 concentrations were as described previously (Kawasaki et al., 2006) . Catalase activity in B. asteroides with or without haemin was tested using a semi-chemically defined medium containing (per l) glucose (10 g), Casamino acid (10 g), ascorbic acid (0.5 mg), adenine (10 mg), guanine (10 mg), xanthine (10 mg), uracil (10 mg), pyridoxal hydrochloride (2 mg), niacin (1 mg), thiamine hydrochloride (1 mg), riboflavin (1 mg), calcium pantothenate (1 mg), paminobenzoic acid (10 mg), biotin (1 mg), folic acid (1 mg), ) and agar (1.5 g). After the pH was adjusted to 7 using NaOH, the mixture was autoclaved for 15 min at 115 uC. Haemin (Sigma) stock solution (0.5 mg ml
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) was prepared in alkaline water (0.05 M NaOH) and autoclaved: 20 ml of haemin was added per millilitre of medium. The viability of B. asteroides exposed to H 2 O 2 was tested by using cells that were grown on plates of semi-chemically defined medium with or without haemin. Anaerobically developed colonies were exposed to air for 1 h before exposure to H 2 O 2 . The colonies were harvested and dispensed in sterilized semi-chemically defined liquid medium. Subsequently, the cell concentration was adjusted to OD 660 1.0, and the cells were exposed to several concentrations of H 2 O 2 for 1 h. Viable colonies were counted by the pour plate method using MRS medium. H 2 O 2 concentrations were adjusted using e 240 539.4 M 21 cm
.
Purification of catalase. B. asteroides cells cultured under microoxic conditions (cultured statically but stirred with a magnetic stirrer in 3 l medium in a 5 l flask with a cotton plug) were harvested and approximately 30 g wet cells was suspended in 100 ml 50 mM potassium phosphate buffer, pH 7.0, containing 0.1 mM DTT and 0.2 mM PMSF; the cells were then disrupted by treatment with a French pressure cell at 120 MPa. All purification procedures were carried out at 4 uC or on ice. Cell-free extracts were obtained by removing cell debris by centrifugation at 39 000 g for 15 min. The cytoplasmic solution was obtained by ultracentrifugation at 100 000 g for 2 h. The supernatant was fractionated by the stepwise addition of solid streptomycin sulfate (10 %). The pellet obtained after centrifugation at 30 000 g was dissolved in 50 mM potassium phosphate buffer, pH 7.0, containing 1.2 M ammonium sulfate, 0.2 mM PMSF and 0.1 mM DTT. After centrifugation at 39 000 g for 15 min, the supernatant was applied to a Butyl-TOYOPEARL 650s column for chromatography (TOSOH). The enzyme was eluted with a linear gradient from 1 M to 0 mM ammonium sulfate dissolved in the same buffer. After Butyl-TOYOPEARL chromatography, the major active fractions were collected and further purified. The solution resulting from Butyl-TOYOPEARL chromatography was dialysed against 50 mM potassium phosphate buffer, pH 7.0, containing 0.2 mM PMSF and 0.1 mM DTT for 6 h; this procedure was repeated three times using freshly prepared buffer each time. The enzyme solution was then applied to a DEAE Sepharose Fast Flow (GE Healthcare) column for chromatography. The column was washed with the same buffer containing 100 mM NaCl, and eluted with a linear gradient from 100 to 400 mM NaCl. The active fractions were pooled and dialysed against 10 mM potassium phosphate buffer, pH 7.0, containing 0.5 mM EDTA and 0.1 mM DTT for 6 h three times before being applied to a hydroxyapatite Fast Flow column (Calbiochem) for chromatography. After applying the enzyme solution to the hydroxyapatite column, the protein was sequentially washed with a linear gradient from 10 to 100 mM potassium phosphate buffer, pH 7.0, and eluted with 100 mM potassium phosphate buffer at pH 7.0. The active fractions were collected and concentrated using Amicon Ultra (30 kDa cut-off; Millipore). The fractions were assayed by SDS-PAGE and those chosen for further purification were combined and applied to a gel filtration column (HiLoad 26/60 Superdex 200 pg; Amersham Pharmacia) using a 50 mM potassium phosphate buffer (pH 7.0) containing 150 mM NaCl. The concentrated enzyme was then applied to a POLOS HQ/H column (PerSeptive Biosystems) for chromatography. The column was sequentially washed with 50 mM potassium phosphate buffer, pH 7.0, containing 0 mM NaCl (stepwise), 0-150 mM NaCl (linear gradient), and then eluted with a linear gradient from 150 to 250 mM NaCl. The active fraction was collected and concentrated using an Amicon Ultra filter. After chromatography, the enzyme purity in the active fractions was checked by SDS-PAGE with Coomassie brilliant blue staining. The purified enzyme was applied to a gel filtration column for chromatography (HiLoad 26/60 Superdex 200 pg; Amersham Pharmacia) to determine the native molecular mass. The molecular mass was calibrated with the following standard proteins (Amersham Pharmacia): bovine thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), BSA (67 kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa) and RNase (13.7 kDa). Using this enzyme concentrator, the basal buffer of the enzyme solution was changed to 50 mM potassium phosphate buffer, pH 6.5, by diluting the concentrated enzyme solution 100-fold with the new buffer, matching the concentration to the original volume, and then repeating the dilution and concentration steps; the second concentrated enzyme solution was subjected to enzyme assay.
N-Terminal amino acid sequence. The purified enzyme was separated by SDS-PAGE and electroblotted onto polyvinylidene difluoride membranes (Nippon Genetics). The N-terminal amino acid sequence was determined by the Edman degradation method using the peptide sequencer described previously (Kawasaki et al., 2009) . The UV-visual absorption spectrum was recorded on a Hitachi U3300 spectrophotometer using a 1 cm pathlength quartz cuvette.
Library preparation for Illumina sequencing. The sequenced library was prepared according to the Illumina protocols. Briefly, 5 mg genomic DNA was fragmented to an average length of 500 bp by using a Covaris S2 system. The fragmented DNA was repaired, an 'A' was ligated to the 39 end, Illumina Index PE adapters were then ligated to the fragments, and the sample was size-selected aiming for a 600 bp product using E-Gel SizeSelect 2 % (Invitrogen). The sizeselected product was passed through 18 cycles of PCR amplification with primers InPE1.0, InPE2.0 and Index primer containing 6 nt barcodes (Illumina). The final product was validated using the Agilent Bioanalyser 2100.
Sequencing and data analysis. The barcoded library was used for cluster generation in one multiplexed flow cell lane in the Illumina Genome Analyser II system. One hundred cycles of multiplexed paired-end sequencing were performed, with phi X 174 genomic DNA as a control in a separate lane of the flow cell. After the sequencing reactions were complete, Illumina analysis pipeline was used to carry out image analysis, base calling and quality score calibration. Reads were sorted by barcode and exported in FASTQ format. Using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_ toolkit/), the quality of each sequencing library was assessed by evaluating the quality score chart and the nucleotide distribution plot, and the reads were trimmed to 80 bp. After trimming the reads, de novo assembly was performed using Velvet (Zerbino & Birney, 2008) with parameters optimized by the VelvetOptimizer (http://www. vicbioinformatics.com/software.velvetoptimiser.shtml). The assembled contigs were analysed by In silico Molecular Cloning Genomics Edition (IMCGE) (In silico Biology).
Northern hybridization. All steps were performed according to Kawasaki et al. (2005) . Briefly, total RNA from B. asteroides colonies that developed anoxically or after exposure to air for 10 or 30 min were isolated using TRIzol (Invitrogen) according to the instruction manual. Northern blotting was carried out by standard procedures. The RNA (15 mg) was separated by electrophoresis in 1.0 % agarose gels and blotted onto nylon membranes (Hybond-N + ; Amersham). The membranes were probed with the PCR-amplified full-length DNA fragment encoding catalase. The identity of the amplified DNA fragment was confirmed by size and nucleotide sequence. After the RNA was subjected to pre-hybridization at 60 uC for 30 min, the 32 P-labelled DNA probe was hybridized to RNA on the membrane at 60 uC for 12 h.
Enzyme properties. Catalase activity was assayed spectrophotometrically in 1 ml of 50 mM potassium phosphate buffer (pH 6.5) containing 10 mM H 2 O 2 at 37 uC. The reaction was started by the addition of the enzyme solution, and the decrease in absorbance at 240 nm (e 240 539.4 M 21 cm 21 ) was monitored with a spectrophotometer (Hitachi U-3300). Catalase activity was also determined using an O 2 electrode to detect the stoichiometric conversion of 1 mol H 2 O 2 to 1 mol H 2 O and 0.5 mol O 2 . One unit of activity was defined as the amount of enzyme that catalysed the oxidation of 1 mmol H 2 O 2 min 21 , or that catalysed the production of 0.5 mmol O 2 min 21 . Protein concentration was determined by the dye-binding assay (Bradford, 1976) . The pH optimum of the purified enzyme was determined in 50 mM potassium phosphate buffer in the range pH 5.0-8.0 at 37 uC, which is the optimum growth temperature for B. asteroides. The temperature optimum of the purified enzyme was determined in 50 mM potassium phosphate buffer at pH 6.5 over a temperature range of 10-50 uC.
RESULTS
Growth profile of B. asteroides under different O 2 concentrations
Growth of B. asteroides in the presence of O 2 was tested using liquid shake cultures under several O 2 concentrations (Fig. 1) . B. asteroides showed good growth under 100 % N 2 conditions, with a final OD 660 of 2.2. Although growth was inhibited in the presence of O 2 , it reached OD 660 1.3, even in a 20 % O 2 atmosphere. Therefore, we classified B. asteroides JCM 8230
T as an O 2 -tolerant strain to distinguish it from the O 2 -sensitive strains of B. bifidum and B. longum (growth of which is inhibited by approximately 80 % under 20 % O 2 conditions), and the microaerophilic strains of B. boum and B. thermophilum (both of which show better growth under 20 % O 2 conditions than under anoxic conditions) (Kawasaki et al., 2006; Kawasaki, 2011) .
Detection of catalase activity using B. asteroides colonies B. asteroides was originally isolated from honeybee intestine (Scardovi & Trovatelli, 1969) . In this original report, B. asteroides was determined to possess catalase activity only in a portion of the upper layer of a stab culture. In the present study, we performed a catalase test using colonies that were developed anoxically (O 2 -free 100 % N 2 atmosphere) or on plates exposed to air for several minutes. Catalase activity was not detected in colonies developed under anoxic conditions but was detected in colonies exposed to O 2 for 30 min (Fig. 2) . These data indicate that catalase activity is inducible by O 2 stress. When the cells were developed in semi-chemically defined medium that does not contain a haem source, catalase activity was detected only when haemin was supplemented in the medium. These data suggest that B. asteroides lacks the ability to perform haem biosynthesis. A considerable source of haem in MRS medium is provided by the beef or yeast extract, which constitute 0.5 % (w/w) of MRS broth.
Viability test after exposure to air and H 2 O 2 B. asteroides cells grown in semi-chemically defined medium with or without haemin were tested for their viability after exposure to H 2 O 2 (Fig. 3) . The presence of haemin in the medium did not significantly affect the number of colonyforming units (c.f.u. ml
21
) after exposure to air or 5 mM H 2 O 2 for 1 h. However, exposure to 50 mM H 2 O 2 significantly damaged the cells grown in medium lacking haemin. These results suggest that B. asteroides could develop the ability to tolerate oxidative stress independent of the presence of a haem source, and catalase expression could support their survival in the presence of high concentrations of H 2 O 2 .
Purification of the protein that catalyses catalase activity
Microaerobically grown B. asteroides cells were used to purify the enzyme. After passing through four column chromatography steps (Table 1) , the purified fractions appeared as a single band (55 kDa) on SDS-PAGE (Fig. 4a) . Gel filtration of the purified native protein yielded a single peak with an elution volume that corresponded to an estimated molecular mass of 102 kDa. These data indicate that the protein is a homodimer. The N-terminal sequence of the purified enzyme was also determined. The 55 kDa band (NDKLTTNEGQPWADNNXSQTAGT) showed homology to bacterial haem catalase.
Identification of a gene encoding B. asteroides haem catalase
A gene encoding haem catalase, named katA, was found in the draft sequence data of the B. asteroides genome obtained using a next-generation sequencer. A 4 kb region containing the katA gene is shown in Fig. 5(a) . A putative manganese transporter [mntH, 71 % identity with Fig. 6 . Comparison of the deduced amino acid sequences of the purified protein and the proteins that showed high similarity among functionally characterized haem catalases. The proteins and their corresponding NCBI accession numbers are as follows: B_aste, deduced amino acid sequence of the B. asteroides katA gene; L_sake, Lactobacillus sakei haem catalase (P30265); L_plan, Lactobacillus plantarum haem catalase (AAQ82650). The sequences were aligned using CLUSTAL W (http:// www.ebi.ac.uk/Tools/msa/clustalw2/), and shaded by BoxShade (http://www.ch.embnet.org/software/BOX_form.html). Conserved residues are shaded black and similar residues are indicated in grey.
Enterococcus gallinarum putative manganese transporter MntH (EEV34057)] and a putative sugar transporter [xylE, 70 % identity with Lactobacillus suebicus putative sugar transporter XylE (ZP_09451162)] are located upstream and downstream of the katA gene, respectively. Northern blot analysis indicated that the gene is inducible in response to O 2 . Northern blot analysis also showed that the katA gene is not expected to be transcribed as a polycistronic unit with two other genes (Fig. 5a ). We noted low expression levels of the katA transcript during anaerobic growth, but the expression was upregulated after 30 min of the start of aeration (Fig. 5b) . The deduced amino acid sequence of B. asteroides katA shows about 70-80 % identity with those from lactobacilli and other lactic acid bacteria. The homology score obtained using a deduced amino acid sequence showed 73 and 70 % identity to the sequence of the functionally characterized haem catalases from Lactobacillus sakei (Knauf et al., 1992) and Lactobacillus plantarum (Abriouel et al., 2004) , respectively (Fig. 6) . None of the genes encoding the homologues was detected by a survey of the NCBI public database of bifidobacterial genome sequences (B. angulatum, B. animalis, B. bifidum, B. breve, B. catenulatum, B. dentium, B. gallicum, B. longum, B. pseudocatenulatum).
Enzyme properties of the B. asteroides haem catalase
The purified enzyme (which was a brown-yellow colour) showed a spectrum with absorption maxima at 280 and 407 nm (A 280 /A 407 51.34) (Fig. 4b) . The pH optimum was 6.5. The temperature optimum was 40 u C. Catalase activity was assayed at 37 uC (growth temperature). The specific activity was estimated to be 6400 U (mg protein) 21 when using 10 mM H 2 O 2 as a substrate. These enzyme characteristics, including the spectral profile, resemble those of haem catalase isolated from anaerobes such as sulfate-reducing bacteria and Bacteroides (Dos Santos et al., 2000; Rocha & Smith, 1995) . The kinetic properties of the purified catalase were determined. The K m for H 2 O 2 was difficult to estimate because the reaction did not show Michaelis-Menten behaviour (Fig. 7) (Switala & Loewen, 2002 
DISCUSSION
In this study, a haem catalase was purified for the first time, to our knowledge, from the genus Bifidobacterium. This O 2 -inducible H 2 O 2 -scavenging enzyme is strongly suggested to contribute to the aerotolerance of B. asteroides cells; however, the strain grows better anaerobically than aerobically, even though the strain expresses an active haem catalase, as is indicated by the fact that anaerobiosis also exists in the strain.
Two classes of bacterial catalases have been distinguished based on their active site composition: one is haem dependent and the other is manganese dependent. The B. asteroides haem catalase showed highest homology with haem catalase from lactobacilli. A survey of publicly available genome sequences from Lactobacillales in the NCBI microbe genome database revealed that haem catalase is narrowly distributed in a few species, including Lactobacillus plantarum, Lactobacillus sakei, Lactobacillus brevis, Pediococcus acidilactici and Enterococcus faecalis, although manganese catalase is distributed in many other species, such as Lactobacillus delbrueckii, Lactobacillus casei, Lactococcus lactis, Pediococcus pentosaceus and Leuconostoc mesenteroides. Lactobacilli and other lactic acid bacteria that possess the gene for haem catalase establish the active enzyme via exogenously supplied haem because these species lack haem biosynthesis (Whittenbury, 1964; Wolf & Hammes, 1988; Wolf et al., 1991; Frankenberg et al., 2002; Abriouel et al., 2004) . In this study, B. asteroides showed a profile similar to those of the above facultative anaerobes. The intestine of honeybee is a possible source of haem for B. asteroides in nature.
To the best of our knowledge, the only reported Bifidobacterium species to express catalase activity are B. asteroides and Bifidobacterium indicum. Both species were isolated from honeybee intestine, and they are closely related taxonomically and ecologically. Recently, species such as B. bombi, B. actinocoloniiforme, and B. bohemicum were isolated from honeybee or bumblebee intestines, and B. actinocoloniiforme is reported to form colonies under microaerophilic conditions (Killer et al., 2009 (Killer et al., , 2011 . These three strains have been reported to be catalaseactivity-negative; however, whether the genes for haem catalase or manganese catalase are conserved is unknown. Further investigation concerning the distribution of genes encoding catalase in Bifidobacterium strains and the correlation of those growth profiles to aeration conditions will help to clarify the ecological advantage of conserving haem catalase in B. asteroides.
